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I - SUMMARY 

This report describes the test results obtained in the 
Task II portion of this program which involved an evaluation of 
the short-term tensile and low-cycle fatigue behavior of five 
advanced copper-base alloys. Hourglass-shaped specimens were 
employed and all tests were performed in high-purity argon 
(oxygen level below 0*01 percent by volume) using a special en- 
vironmental test chamber. The materials evaluated were as 


fol 1 ows : 

NASA I - 1 A alloy (R-21) 

NASA 1 - 1 B alloy (R-22) 

GHdcop AL-10 alloy (R-23) 

Sputtered Zr-Cu (as fabricated) (R-26) 

Sputtered Zr-Cu (heat treated) (R-25) 


Duplicate tensile tests were performed for all 
materials (except for R-26 where only one test was performed) 
at 538°C using an axial strain rate of 2 x l 0“ 3 sec“*. In 
addition, the R-22 alloy was selected for a more extensive 
evaluation and tensile properties were determined at 482° and 
593°C using a strain rate of 2 x 1 0“ 3 sec“l and at 538°C using 
strain rates of 4 x 10*4 and I x 10*2 sec“l. This testing re- 
vealed yield strengths and ultimate tensile strengths at 538°C 
ranging from about 210 and 225 MN/m 2 respectively for the R-22 
alloy to about 66 and 110 MN/m 2 respectively for the R-21 alloy. 
Reduction in area values ranged from about 98 percent for the 
R-25 alloy to about 6 percent in the case of the R-23 alloy. 

At a strain rate of 2 x 10*3 sec*^ the yield and ultimate tensile 
strengths of the R-22 alloy were reduced by about 65 percent as 
the temperature was increased from 482° to 593°C; reduction in 
area values decreased slightly between 482° and 538°C. For 
a test temperature of 538°C an increase in strain rate from 4 x 
10*4 to 1 x 10*2 sec’l caused the yield and ultimate tensile 
strengths of the R-22 alloy to increase by approximately 20 per- 
cent. In these tests the reduction in area values increased from 
about 20 percent to about 55 percent as the strain rate was in- 
creased . 

A series of low-cycle fatigue tests was performed in 
argon at 538°C using a strain rate of 2 x 10“3 sec“l to define 
the fatigue life over the range of 100 to 3000 cycles for the 
alloys involved (only one test of the R-26 composition). This 
required a strain range regime from about 5.0 percent to 1.0 per- 
cent for the more fatigue resistant materials and a strain range 
regime between 1.0 and 0.6% for the lower fatigue resistant 
materials. The two NASA l-l alloys exhibited essentially iden- 
tical fatigue behavior to identify fatigue life values which 
were much greater than thos-e for any of the other materials 
evaluated. These data for the NASA l-l alloy were found to corres- 
pond to a fatigue life that was about twice that exhibited by the 



Narloy Z composition studied previously. 

A limited study of the effect of temperature on the 
fatigue life of the NASA 1-1B alloy was performed at strain 
ranges of 3.0 and 1.2 percent using a strain rate of 2 x 10"^ 
sec“l. Over the temperature range from 482° to 593°C the 
fatigue life was constant at a value close to 200 cycles in the 
higher strain range tests. At the lower strain range, tests 
were performed only at 593°C and these results were found to be 
in good agreement with the data at 538°C and suggest a slightly 
increased fatigue life at the higher temperature. 

The effect of strain rate on the fatigue life of the 
NASA 1-1B alloy was also studied In tests at 538°C. Using 
strain range values of 3-0 and 1.2 percent a general reduction 
in the fatigue life was observed as the strain rate was de- 
creased from 2 x 10*3 to 4 x 10‘*+ sec“*. In addition, a general 
increase In the fatigue life was observed as the strain rate was 
increased to I x 10*2 sec"l. 

A hold period duration of 300 seconds was employed in 
an evaluation of hold-time effects on the NASA I- IB composition 
at 538°C using a strain rate of 2 x 10*3 sec~1. Hold periods 
in tension were found to be particularly detrimental in that 
the fatigue life was about an order of magnitude or so below 
that observed for continuous cycling. The effect was particu- 
larly severe at a strain range of 1.2 percent where the hold 
period in tension reduced the fatigue life from about 2000 cycles 
to about 85 cycles. Hold periods in compression at a strain 
range of 3.0 percent appeared to have no detrimental effect on 
the fatigue life. As a matter of fact the fatigue .life seemed 
to be Increased somewhat when the 5 minute compression hold 
period was introduced. At a strain range of 1.2 percent, how- 
ever, a very different effect was noted. Hold periods in com- 
pression decreased the fatigue life below the continuous cycling 
results and while the effect was only about one-half that due to 
the tension hold periods it does represent a reversal of the be- 
havior pattern observed at the higher strain range. Severe dimen 
sional Instability was noted at the lower strain range, however, 
in these compression hold-period tests and for this reason the 
true hold-time effect might not be indicated by these tests. 
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II - INTRODUCTION 


Re gene rat i ve 1 y- coo led, reus abl e- rocket nozzle liners 
such as found In the engines of the Space Shuttle, Orbit-to- 
Orbjt Shuttle, Space Tug, etc., undergo a severe thermal strain 
cycle during each firing. To withstand the severe cycles, the 
liner material must have a proper combination of high thermal 
conductivity and high low-cycle fatigue resistance. Copper-base 
% alloys possess these desirable qualities and were thusly chosen 
for this program. A broad-based NASA-Lewis /MAR-TEST program 
has been instituted to evaluate several candidate alloys by 
generating the material property data that are required for the 
design and life predict i on of rocket nozz 1 e I i ne rs . 

This report deals with the h i gh-temperature tensile 
and low-cycle fatigue behavior of five advanced copper-base 
alloys as measured in high purity argon. The materials evalu- 
ated in this phase of the program were as follows: NASA 1-1 A 
alloy, NASA 1‘IB al 1 oy, G1 idcop AL- 10, ' sputtered Zr-Cu (as 
fabricated), and sputtered Zr-Cu (heat treated). Specimen 
blank material for the first three alloys was supplied in the 
form of 2.2 cm diameter rod while the blank material for the 
other two materials was supplied as 2.2 cm x 1 . 9 cm x 7.6 cm 
rectangular sections. These materials were given the code 
designations: R-21, R-22, R-23, R-26 and R-25 respectively. 

The material evaluations specified for this Task II 
effort were as follows: 

1) duplicate tensile tests at 538°C for R-21, R-22, R-23 
and R-25 using an axial strain rate of 2 x J0“3 sec"’* ; 
one test only of the R-26 material under the above 
cond i t ions ; 

2) duplicate tensile tests of the R-22 material at 482° 
and 593°C using an axial strain rate of 2 x 10’3 sec** 1 ; 

3) duplicate tensile tests of the R-22 mater ial at 538°C 
using axial strain rates of 4 x 10’** and 1 x 10~* sec’ 1 ; 

h) four axial strain controlled low-cycle fatigue tests 
of the R-21, R-22, R-23 and R-25 compositions at 538°C 
using an axial strain rate of 2 x 10“3 sec’ 1 to define 
the fatigue life in the range from 100 to 3000 cycles; 
one test only of the R-26 material using a total axial 
strain range of 2.0 percent; 

5) duplicate axial strain controlled low-cycle fatigue 
t 1 S f S °f R-22 material at 538°C using strain rates 

o 4 x 10 and 1 x 10 sec at strain ranges corresponding 
to cyclic life values of 200 and 2000 cycles as deter- 
mined in (4) above; 

6) duplicate axial strain controlled low-cycle fatigue 
tests of the R-22 material using a strain rate of 

2 x IO’-5 sec’ 1 at 482° and 593°C at strain ranqes 
employed in (5) above; 



7) duplicate axial strain controlled low-cycle fatigue 
tests of the R-22 material at 538°C using a strain 
rate of 2 x 10"3 sec*' at the strain ranges employed 
in (5) above with a hold period of 300 seconds intro- 
duced at peak tensile strain only; similar tests with 
this same hold period duration introduced at the peak 
compressive strain point. 

All these evaluations were performed in high-purity argon in 
which the oxygen content was less than 0.01 percent by volume. 

As the test program was being performed it was found 
that the required quantity of R-22 material was not available 
and, hence, the entire test matrix as planned could not be com- 
pleted. 

All the tensile and fatigue tests were performed using 
hourg I ass-shaped specimens. A servo-controlled, hydraulically 
actuated fatigue testing machine (see NASA CR- 134627 for com- 
plete description) was used in all these evaluations and the 
threaded test specimens were mounted In the holding fixtures of 
the test machine using special threaded adaptors. In order to 
perform these tests in argon a specially constructed pyrex con- 
tainment vessel was positioned between the holding fixtures of 
the fatigue machine and neoprene low- force bellows at either end 
provided the seal to enable the desired gas purity levels to be 
maintained throughout the test. Side outlets (with appropriate 
seals) on this containment vessel provided entrance ports to 
accommodate the extensometer arms and similar side outlets pro- 
vided entrance ports for the copper tubing leads to the induction 
coil. In addition, special ports near the bottom of the con- 
tainment vessel enabled the thermocouples, used for specimen 
temperature measurement, to be routed out to the temperature con- 
trol system. Specimen test temperatures were attained using in- 
duction heating and this was provided by positioning a specially 
designed induction coil around the test specimen (see Figure 1). 

All force measurements were made using a load cell 
mounted within the loading train of the fatigue machine and 
specimen strains were measured by a specially designed, high 
temperature diametral extensometer. A special test procedure 
(see NASA CR-134627) was developed to allow the short-term ten- 
sile tests to be performed at a constant strain rate which was 
maintained throughout the test. In the fatigue tests an analog 
strain computer was employed which allowed the diametral strain 
signal to be used in conjunction with the load signal so as to 
provide an instantaneous value for the axial strain which was the 
the controlled variable (see NASA CR-134627 for complete descrip- 
tion of test procedure). 
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Ill- MATERIAL AND SPECIMENS 


Specimen material for use in this portion of the pro- 
gram was supplied by NASA-Lewis Research Center, Cleveland, 

Ohio. A brief description of the five materials evaluated 
within this task is given in Table I. Specimen blank material 
for the first three alloys was supplied in the form of 2.2 cm 
diameter rods while the blank material for the R-2F and R-26 
alloys was supplied as 2.2 cm x 1.9 cm rectangular sections 
about 7-6 cm In length. 

Using the specimen design shown in Figure 2 the follow 
ing specimens were machined: 


R-2 1 

8 

spec i mens 

( 

i nc 1 udes 

2 

spares ) 

R-22 

29 

s pec i me ns 

( 

i ncl udes 

2 

spares ) 

R-23 

8 

s pec i mens 

( 

i ncl udes 

2 

spares ) 

R-2F 

8 

spec imens 

( 

incl udes 

2 

spares ) 

R-26 

3 

specimens 

( 

incl udes 

1 

spare) 


It was the original intent to machine 44 specimens of the R-22 
alloy in order to accommodate all the different test conditions 
specified. However after the program was well underway it be- 
came clear that the required amount of the R-22 material could 
not be acquired in time for inclusion In this effort. As a 
result some of the planned tests could not be performed within 
this task. 

After being machined, all specimens were wrapped in soft 
tissue paper and placed in individual hard plastic cylinders 
(about 9 cm in length and 2.2 cm inside diameter). The ends of 
these cylinders were then sealed with masking tape and the speci- 
men code number was written on the external surface of the cylinder. 
These cylinders were used for storage before and after test. 

In preparing for a test each specimen was subjected to 
the foil owing : 

1) a small longitudinal notch was filed in the threaded 
sections of the specimen; this was designed to aid in 
the removal of entrapped air from the threaded area 
after the specimen was inserted in the adaptors (see 
below for the specimen- adaptor assembly); 

2) the specimen was washed with Freon to remove any surface 
oils which might have remained after machining; 

3) a small quantity of dilute phosphoric acid was applied 
- by hand to the complete surface of the specimen; this 

removed any surface oxides and any machining oil not 
removed by the cleaning with Freon; this operation was 
completed within IF seconds; 

4) the specimen was rinsed in warm water and dried using 
soft absorbent tissue; 

c ) the specimen was then subjected to a final cleaninq with 
Freon. 



Table 1 - Description of the Materials Evaluated in the Task II Effort 


Code No. 

Material 

Description 

R- 2 1 

NASA 1-1 A 

Nominal 1.1% Ag, 0.1% Zr; originally cast as 12.7 
diameter billet (11.2 kilograms) by AMAX ; canned 
with OFHC sheet and evacuated; heated for hot 
extrusion to 2.85 cm diameter rods; rods cold 
reduced to 2.2 cm diameter; aged at 455°C for 
4 hours and air cooled 

R-22 

NASA 1-1 B 

Same as above except not aged 

R-23 

G1 idcop AL 1 0 
(Trade name of 
Gl idden-Durkee ) 

0 . 2 % A 1 2 O 3 copper; as cold reduced to 2.2 cm 
diameter rods 

R- 25 

Sputtered Zr-Cu; 
Annealed 

Nominal 0.14% Zr-Cop per; sputtered; machined into 
specimen blanks and annealed at 593°C for one hour 
and air cooled 

R-26 

Sputtered Zr-Cu; 

Same as above but not annealed 


as received 
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IV- TEST results and discussion of results 


A) Short-Term Tensile 

Short-term tensile tests of the R-21, R-22, R-23 and 
R-25 materials were performed in duplicate in high-purity argon 
at 538°C using an axial strain rate of 2 x 10*3 sec**. In addi- 
tion! a single test of the R-26 composition was performed at 
these conditions. A summary of the test results obtained in 
these short-term tensile evaluations is presented in Table 2. 

In those tests which were performed in duplicate an excellent 
reproducibility is noted in the values for yield strength, 
ultimate strength and reduction in area. Also to be noted are 
the following: 

1) unheat-treated NASA 1-1B alloy (R-22) exhibits much 
higher yield and tensile strengths than the heat- 
treated material; the effect of the heat- treatment is 
also seen in the increase in the reduction in area 
value from about 32 to 50 percent; 

2) the R-23 composition exhibits yield and ultimate 
strengths which are between the values exhibited by the 
R-21 and R-22 alloys; however the ductility of the R-23 
material at the conditions employed is extremely low; 

3) the R-25 and R-26 materials were found to be very 
ductile at the test conditions employed but were also 
noted to be very anisotropic; yield and ultimate tensile 
strengths were close to those exhibited by the R-21 and 
R-23 mater ial s . 

After the tensile data of Table 2 were studied in some 
detail it was decided to perform a more extensive evaluation of 
the short-term tensile properties of the R-22 alloy. Tests 
were performed at 538°C using strain rates of 4 x 10”** and 

1 x 10*2 sec*' and at a temperature of 482° using a strain rate 
of 2 x 10*3 sec*l. A summary of these test results is presented 
in Table 3. These results are also presented graphically in 
Figures 3 and 4 to define the observed temperature and strain 
rate effects. Because of the limited amount of the R-22 material 
that was available the tests at 593°C using a strain rate of 

2 x 10*3 sec* I were not performed. However, an evaluation of 
the s tress -stra i n plot during the first loading cycle in the 
fatigue tests at this temperature and strain rate allowed values 
for the 0.2% yield strength to be determined. It is these values 
that are plotted in Figures 3 and 4 to define this property and 
to establish the trend behavior for the R-22 material (yield 
strength obtained in this fashion from fatigue tests at 482°C and 
a strain rate of 2 x 10“3 sec*i were found to be in excellent 
agreement with the results in Table 3 at these same conditions). 

A comparison of some of the short-term tensile results 
obtained for the R-22 alloy with similar data for the R-24 
material (see NASA CR-134627) is presented in Figures 5, 6 and 7. 
Over the temperature range from 482° to 593°C the yield strength 



Table 2 - Short-Term Tensile Properties 

of Several Copper-Base Alloys Tested in Argon 

Diametral Extensometer 

Hourglass-Shaped Specimens 

Spec. No. 

Temp. . 
°C 

Strain Rate, 
sec" 1 

0.2% Offset 
Yield Strength 
MN/m 2 

Ul t imate 
Tens i le 
Strength, 
MN /m^ 

Reduct ion 
i n 

Area, 

% 

R- 21-1 

538 

2 3 

< 10-3 

66. 0 

110.9 

5K1 

R-21-2 

538 



68.8 

114.4 

55.4 

R-22-l 

538 



(a) 

220.5 

33.4 

R-22-2 

538 



211.3 

224.0 

32.8 

R-22-3 

538 



209.2 

225.1 

32.8 

R- 23-1 

538 



129.9 

147.4 

5.5 

R-23-2 

538 



129.2 

146.2 

6.3 

R-23-3 

538 


. 

122.9 

141.1 

7.1 

R-25-4 

538 

\ 

/ 

103.9 (b) 

112.8 (b) 

97.7 (b) 

R-25-5 

538 

1 


101.1 (b) 

102.5 (b) 

97.6 (b) 

R-26-1 

538 

2 x 

1 0*3 

77.0 (b) 

84.7 (b) 

(c) 


(a) x-y plot not obtained 

(b) approximate value, material very anisotropic 

(c) Fracture surface like knife edge, 0,4 cm x 0.1 cm, split and irregular 





Table 3 - Short-Term Tensile Properties of NASA 1-1B (R-22) Alloy Tested in Argon 


Diametral Extensometer 


Hourglass-Shaped Specimens 

Spec. No. 

Temp. 

°C 

Strain Rate, 
sec" 1 

0.2% Offset 
Yield Strength, 

MN/m 2 

Ul t imate 
Tens i 1 e 
Strength, 

MN/m^ 

— 

Reduct ion 
in area, 

% 

R-22- 1 0 

482 

2 x 10*3 

244.0 

252 . 8 

36.0 

R-22- 1 5 

538 

4 X 10'** 

180.8 

187.8 

20.4 

R-22-16 

538 

4 x lO' 4 * 

180.8 

193.4 

20.4 

R-22- 1 3 

538 

1 x I0* 2 

210.6 

223.6 

53.8 

R-22- 1 4 

538 

1 x 10* 2 

212.4 

221.2 

56.4 













Reduction in Area, % Stress. MN/m2 





Reduction in Area# % Stress, MIM/rn^ 


> 



Strain Rate, sec"^ 

Figure 4 - Tensile Properties of R-22 alloy at 538°C as a 
function of strain rate. 









Reduction in Area, % 0.2% Yield Strength, MN/m 2 
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Figure 6 - Comparison of yield strength and reduction in 
area data for R-22 and R-24 alloys tested at 
538°C. 


Reduction in Area* 
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of the R-22 alloy is much higher than that for the R-24 composi- 
tion. A similar pattern is noted in the strain rate plot shown 
in Figure 6. It can be noted, however, that the R-24 composi- 
tion does exhibit a higher ductility than the R-22 alloy. 

A decided strain softening effect was observed in the 
tensile tests (also noted in the fatigue tests described in a 
later section of this report) of the R-22 material. The peak 
force in these tests was observed to occur at, very low (about 
1%) total strain values and the force trace thereafter indicated 
a decay rate that was greater than that which could be explained 
by simply the reduction in area of the specimen. This point is 
illustrated in Figure 8 which presents true stress versus true 
strain plots for these R-22 specimens at true axial strain rates 
of 0.04, 0.2 and 1.0 percent per second. In addition, the 
reduction in area values are included for comparison purposes. 
Both the slope of these plots and the final reduction in area 
values as a function of strain rate indicate that a significant 
amount of creep is occurring during the tensile test. 


B) Low-Cycle Fatigue 

1 ) Continuous Cycling Behavior at 538°C and a Strain Rate of 
2 x 10" 3 se^“l 


Four axial strain controlled low-cycle fatigue tests 
were performed in an evaluation of the R-21, R-22, R-23 and R-25 
compositions (a single test of the R-26 material was also per- 
formed). These evaluations were performed in argon and employed 
a test temperature of 538°C, and a strain rate of 2 x I0”3 sec”' 
to define the fatigue life over the range from 100 to 3000 cycles. 
A summary of these test results is presented in Tables 4 through 
7. In addition to listing various stress and strain components 
for each test the number of cycles to failure is given along 
with a comment relating to whether the material cyclic hardened 
or softened. For each test some attempt was also made to iden- 
tify a value for Nr, the number of cycles corresponding to a 
five percent reduction in load below the stabilized or equilibrium 
value. This did not prove to be very successful, however, since 
in many tests a cyclic softening was exhibited and a stabilized 
load value was never achieved. Furthermore, in a few tests the 
position of the extensometer tips with respect to the location 
of the crack actually caused the load to increase slightly as 
failure approached. Because of these complications the identifi- 
cation of N5 values was abandoned and some other expression of 
impending failure was adopted. Each test was evaluated by 
analyzing the load and plastic strain traces to determine that 
point within each test at which some change in these recordings 
would suggest that the crack size had become sufficiently I arge 
to indicate that the specimen was beginning to fall. This value 
was N* and was expressed as a fraction of Nf, the cycles to 
failure. While there was about 10 to 15 percent scatter in a 



True Stress, MN/m^ 



0 2 4 6 8 10 

True Strain (Diametral), % 

Figure 8 - True stress-strain behavior for R-22 alloy 
tested at 538°C using various strain rates. 





Table 4 - Low-Cycle Fatigue Test Results Obtained in Argon at 538°C Using a Strain Rate 
of 2 x 10*3 sec-1 


R-21 Series 

NASA 1 - 1 A alloy, 
Aged 


Total 

Spec . Poisson's Strain 
No. Ratio R ange, 


0 . 3 *+ 

0.35 

0.35 

0.35 



Stress 

Range 

at 

Start , 
m/m 2 


158 

179.0 

149.2 

196.6 


at N f /2 



/\<r 

% 

% 

m/m 2 

1 .29 

0.21 

184 

2.77 

0.23 

202.7 

0.80 

0.20 

175.1 

4.75 

0.25 

219.3 


Axial Strain Control 
A - rat io of infinity 
E = 88.9 x 103 MN/m2 


"f ’ 

Jycles to 
Failure 


1101 
2 70 
4120* 
92 



s 1 i ght initial 
harden i ng 


^extreme dimensional instability (barrelling) 


"6L 








TableS- Low-Cycle Fatigue Test Results Obtained in Argon at S38°C Using a Strain Rate 


of 2 x 10“3 sec“l 


R-22 Series 
NASA 1-1B alloy. 
As- rece i ved 







Axial Strait 
A - ratio ol 
E * 88.9 x 1 

i Control 
F infinity 
1 03MN/m2 



Total 


, Stress 

at Nf/2 



Spec . 

Poisson 's 

Strain 

Freq. 

! Range 




N f * 


No. 

Ratio 

Range , 


at 

Start , 

^ £ /> \ 


^\<r 

Cycles to 




% 

cpm 

m/m 2 

% ; 

% 

rn/m 2 

Failure 

Remarks 

R-22-4 

0.35 

o 

CM 

3 

m 

• 

CM 

-4* 

1.75 

0.25 

217.9 

CO 

CO 

-4- 

A 

R-22-5 

0.35 

4.0 

1.5 

426.8 

3.72 

0.28 

251.7 

106 

Softened 

R-22-6 

0.35 

1.5 

4 

430.2 

1 .28 

0.22 

196.5 

1, 122 


R-22- 7 

0.35 

1 .2 

5 

430.2 

0.98 

0.22 

193.7 

■It 992 

y 














Table 6 - Low-Cycle Fatigue Test Results Obtained in Argon at 538°C Using a Strain Rate 

of 2 x 10*3 sec*^ 


R-23 Series 

G1 i dcop AL- 10 alloy 


Total 


Stress 

Strain 

Freq* 

Range 

Range , 


at 



Start , 

% 

cpm 

MN /m^ 


0.45 

0.45 

0.45 

0.45 



6 

7.14 

8.57 

10 


Axial Strain Control 
A - ratio of infinity 

E = 88.9 x 1C)3 MN/m2 


at flf/2 


MN/m‘ 


f * 

£>e p a <r Cycles to 

Failure 


Remarks 


0.70 

0.55 

0.41 

0.32 


0.30 267.5 

0.29 261.3 

0.29 259.9 

0.28 249.6 


146 

501 

710 

2405 


These values art higher than wculd be anticipeted and are. thought 
to be in error because :he valie of E specified for u>e with 
this nuterial is probab y incorrect. 







Table 7" Low- Cycle Fatigue Test Results Obtained in Argon at 538°C Using a Strain Rate 
of 2 x 10“3 sec~l 


R-25 Series 
Sputtered Zr-Cu, 
annealed 


R-26 Series 
Sputtered Zr-Cu, 
As-sputtered 


Axial Strain Control 
A - ratio of infinity 
E « 88.9 x 1 03 MN/m^ 


Total * Stress 

Poisson's Strain Freq. Range 

Ratio Range ’ at ' 

Start, 

* c P m m/m 2 


at N f /2 

J^: — -j N 

r * 

A£o ACT Cycles to 


m/m 1 


Failure 



0.38 

0.38 

0.38 

0.39 

0.43 


191 .3 1.79 0.21 186 58 
194.8 1.80 0.20 182.5 109 
190.3 0.81 0.19 168.9 1261 
193.1 0.62 0.18 160.7 2392 


212.4 1.74 0.26 


231.7 


softened 


hardened 


Since this material e;chibite 
strain range values are prob 
the anisotropy all specimens 



led anisotropy the 1 3tal 
rrorjalso because o 
d off center. 
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plot of N /Nf versus log Nf the trend behavior was essentially 
linear from 0.7 at 100 cycles to 0.90 at 3000 cycles. 

A logarithmic plot of the axial strain range versus 
cycles to failure, Nf, for all the materials involved is pre- 
sented in Figure 9 . It will be noted that the fatigue character- 
istics of the R-21 and R-22 materials at 538°C and a strain 
rate of 2 x 10*3 sec**' are essentially identical over the strain 
range regime from 1 to 5 percent. It will also be noted that the 
fatigue life values for the R-23 composition are significantly 
lower than those for the R-21 and R-22 materials. Similar data 
for the R-25 and R-26 compos it iors fall between that exhibited by 
the R-23 material and that of the R-21 and R-22 compositions. 

Also presented in Figure 9 is the fatigue curve for the R-24 
(Narloy Z) material as reported in NASA CR-134627. This curve 
appears to identify fatigue life values which are about 50 per- 
cent of those established for the R-21 and R-22 alloys. It is also 
interesting to note that the fatigue resistance of the R-21 and 
R-22 alloys is noticeably less than that observed for the R-2 
(zirconium-copper 1/2 hard alloy) composition in earl ier tests. 


2) Strain-Rate Effects at 538°C 

A study of the effect of strain rate on the fatigue life 
of the R-22 composition was performed in argon at 538°C using 
strain rates of 4 x 10*4 an d | x 10*2 sec*' (duplicate tests 
which were planned could not be performed because of the limited 
material available). A summary of the results obtained in these 
evaluations is presented in Table 8 and a graphical presentation 
of this information is included in Figure IQ. As strain rate 
is decreased from 1 x 10*2 to 4 x 10~4 sec*' a noticeable de- 
crease in fatigue life is seen to occur. This indicates that a 
definite creep effect is present and that It serves to decrease 
the fatigue life as the strain rate is decreased. The magnitude 
of this creep effect is almost identical to that observed at these 
same conditions for the R-24 composition reported in NASA CR-134627. 

3) Temperature Effects at a Strain Rate of 2 x 10*3 sec~l 

A study of the effect of temperature on the fatigue life 
of the R-22 alloy was performed in argon using a strain rate of 
2 x 10*3 sec*' and yielded the results presented in Table 9 (no 
test could be performed at 482°C and a strain range of 1.2 per- 
cent due to the limited amount of material that was available). 

As shown in Figure 11 no temperature effect was observed at the 
high strain range over the range from 482° to 593°C; at the lower 
strain range a slightly longer fatigue life seemed to be indicated 
as the temperature was increased to 593°C. This observation is, 
of course, based on very limited information and should be viewed 
with some reservation until confirmed by additional tests. This 
effect, It should be noted, is opposite to that observed in the 
tests of the R-24 composition (see NASA CR-134627) where a notice- 
able reduction In the fatigue life was noted at a strain range of 
0.9 percent as the temperature was increased from 538° to 593°C. 



Total Axial Strain Range, percent 






Table 8- Low-Cycle Fatigue Results Obtained in Argon 
4 x ICT 4 and 1 x 1CT 2 sec *> 


R-22 Series 
NASA 1- IB alloy 


As- rece i ved 



Total 


Spec, 

Poisson f 8 

Strain 

Preq 

No. 

Ratio 

Range, 



% 

cpm 

R-22- 1 8 

0.35 

3.0 

0.4 

R-22-22 

0.35 

1 .2 

1.0 

R-22- 1 9 

0.35 

3.0 

io 

R-22-24 

0.35 

1.2 

! 25 


Stress 
• Range 
at 

Start, 

MN/m 2 


372.4 

372.4 


470.7 

449.7 


at N f /2 





4 x 

IKE 

2.79 

0.21 

1.03 

i 

0.17 

1 X 

<1> 

</) 

CM 

O 

2.66 

0.34 

0.93 

0.27 


at 538°C Using Strain Rates of 


Axial Strain Control 


A - Ratio of infinity 
E * 88.9 x 10 3 HN / m2 




MN/m ‘ 


N f ' 


Cycles to 


Failure 

Remarks 

l 

120 

Softened 

1224 

Softened 

251 

Softened 

2903 

Softened 










Total Axial Strain Range, percent 



Nf, cycles to failure 
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Table 9 - Low-Cycle Fatigue Results Obtained in Argon at 482° and 593°C Using a Strain 
Rate of 2 x 10‘3 sec*l 


R-22 Series Axial Strain Control 

NASA 1-1B alloy A - ratio of infinity 

As- rece i ved 


Spec. 

No. 


Poisson's 

Ratio 


Total 
Strain 
Range , 

% 


Preq. 

cpm 


Stress 

Range 

at 

Start, 

MN/m 2 


at N f /2 


*9 

% 


&e e 

% 


<A(T 

MN/m 2 


N f ' 

Cycles to 
Failure 


Remarks 


482°C; E * $5.8 x lb 3 MN/m' 


R-22-26 

R-22-27 


0.355 

0.355 


3.0 

3.0 


2.0 

2.0 


512.2 
511 .5 


2.64 

2.64 


0.36 

0.36 


347.8 

343.6 


186 
2 05 


Softened 

Softened 


R-22-28 

R-22-29 

R-22-33 

R-22-34 


0.35 

0.35 

0.35 

0.35 


3.0 
3.0 
1 .2 
1.2 


593°C; E « $1.4 x IQ 3 MN/m' 


2.0 

2.0 


5.0 



2.80 

314.1 

2.79 

314. 1 

1.03 

313.4 

1 .02 


0.20 

0.21 

0.17 

0.18 


163.7 

168.6 

139.1 

143.3 


206 
192 
2 893 
2248 


Softened 

1 


5.0 

















Total Axial Strain Range, percent 


O 593°C 

A ^82°C 

for 538°C from Figure 9 


Effect of temperature on the 
fatigue life of the R-22 
composition tested in argon 


strain rate of 


10-3 


1000 

10,000 

Nf, cycles to failure 
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4) Hold-Time Effects at 538°C 

The effect of a 300-second hold period on the fatigue 
life of the R-22 alloy was evaluated In argon at 538°C for two 
different strain ranges. Duplicate tests at the strain range 
of 3.0 percent were planned but were not performed due to the 
limited amount of material that was available. 

A summary of the test results obtained is presented in 
Tables 10 and 11 and is seen to include information relating to 
a hold period in tension only and a hold period in compression 
only. Some dimensional ins tab i 1 i ty (bar re 1 1 ing ) appeared in all 
tests exceeding 200 cycles and this was particularly pronounced 
in the compression hold-time tests at a strain-range of 1.2 per- 
cent where a very noticeable decrease in specimen length was in 
evidence as barrelling took place. 

A plot of the test results from Table 10 is presented 
in Figure 12 to reveal an extremely detrimental effect of hold 
periods in tension at both strain ranges evaluated. The effect 
Is particularly pronounced at the lower strain range where a 
300 second hold period is seen to reduce the fatigue life to 
about 85 cycles from the value of 2000 cycles observed in the 
continuous cycl ing tests. This life reduction is much greater 
than that observed in the tests of the R-24 composition reported 
in NASA CR-134627. 

Hold periods in compression exhibited an effect on the 
R-22 alloy that depended on strain range. At a strain range of 
3.0 percent the compression hold period appeared to lead to a 
slightly longer fatigue life than that observed in the continuous 
cycl ing tests at 538^0. This effect is the same as that reported 
previously for the R-24 material. In the tests at a strain range 
of 1.2 percent, however, the fatigue life of the R-22 alloy was 
found to decrease below the continuous cycling results when a 
compression hold period was introduced. This result is opposite 
to that noted for the R-24 composition. Some of this effect 
m i ght be due to the extreme barrelling which took place in the 
compression hold time tests of the R-22 alloy at the lower strain 
range and for this reason some further study of this effect is in 
order before this behavior pattern can be accepted as completely 
re 1 i ab 1 e . 

5) Cyclic Strain Hardening and Softening Behavior 

While the cyclic stress -stra in behavior for all the 
materials tested is indicated in the data summaries of Tables 4 
through 11, several important observations deserve special 
emphasis. One relates to the different behavior exhibited by 
the R-21 and R-22 alloys. A cyclic strain hardening was ex- 
hibited by the R-21 material at 538°C and as indicated in Table 4 
the stress range increased about 10 percent ingoing from the 



• 

Table 10 - Low-Cycle Fatigue Results 
a Ramp Strain Rate of 2 x 

Obtained in Hold-Time Tests 
10*3 sec-1 

in Argon at ?38°C Using 

R-22 Series 


Axial Strain Control 

NASA 1 - 1 B alloy 


A - ratio of infinity 

As-rece ived 


E - 88.9 x 103 MN/m 2 


Spec. 

No. 

Poisson 1 s 
Rat io 

Total 

Cycl i ng Data 


Remarks 

- 

Stra in 
Range . 

% 

Ramp 

Time, 

sec. 

Hold Time, 
sec. 

# 

cycles to 
f a i 1 ure 


R-22-39 

i 

0.35 

1 .2 

12 

300 Tens i on 

88 

cycl i c softened 

R-22- 40 

0.35 

1 .2 

12 

300 Tens ion 

81 



R-22-41 

0.35 

3.0 

30 

300 Tension 

33 



R-22-44 

0.35 

1 .2 

12 

300 Compression 

389 

barre 1 1 ed 


R-22-8 

0.35 

1.2 

12 

300 Compression 

622 

barre 1 1 ed 


R-22-42 

0.35 

3.0 

30 

300 Compression 

282 

barrel led 

f 



. 

i 

















Table 11 - Low-Cycle Fatigue Results 
a Ramp Strain Rate of 2 x 


R-22 Series 
NASA 1-1B alloy 
As- rece i ved 


Spec. 

No. 

Stress 

Range 

at 

Start, 

MN/m 2 


ACT 

MN/m 2 

or 

MN/m 2 

R-22-39 

404.7 

211.5 

99.8 

R-22-40 

407.5 

210.8 

104.7 

R-22 - 4 1 

420.2 

253.6 

119.4 

R-22-44 

428. 1 

193.0 

94.7 

R-22-8 

428. 1 

198.6 

98.3 

R-22-42 

435.6 

li 

212.2 

98.4 


Obtained in Hold-Time Tests in Argon at 538°C Using 
10"3 sec~* 


Axial Strain Control 
A - ratio of infinity 
E * 88.9 x 103 MN/m 2 


at Nf/2 



m.7 

106.1 

134.2 
98.3 

100.3 
113.8 


* 

<r, 

MN/m? 

8<r* > 

Amount of 
Stress 
Rfcn axat ion 
MN/m 2 

** 

% 

★★ 

% 

T 21 . 1 

78.7 

1.05 

0. 15 

T 24.6 

80. 1 

1.05 

0. 15 

T 38.6 

80.8 

2.81 

0.19 

C 31.6 

66. 7 

1.06 

0.14 

C 35.1 

65.2 

1 .05 

0.15 

C 35.1 

78.7 

2.85 

0.15 


based on relaxed stress range 













Total Axial Strain Range, percent 




A 5 min. hold in tension 

O 5 min. hold ?n comp. 



Nf, cycles to failure 
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first cycle to Nf/2. An inspection of the cont inuous records 
of stress range for these tests indicated that mSst of this in- 

^^22^ a V dt?f ear 'r test (, ' e - U P “ ° ' *f ' In 

* U d,fferen * cyclic stress-strain response was n- 

As shown In Table ? the stre« ranoe at L/? S W ? S observed. 

?n n th° f t he flrst c y cl ? value. As with R- 2 ) most^f^his change 

the tlst tre l? it"? 6 va ' ue . occurred within the first 10 percent^ 
the test. It is important to note in these observations that the 

tattn nf 9 *< 7^,//^° ' " 9 r ® s P onse is in complete accord with the 

Hanson (NASA-TN-O- 1574 , 1963). When this r^io Is 1 ^or Jreater 
a cyclic strain hardening should be exhibited whereas a rvrl »r 

I 2 am The J eni ?? s J] ou,d . be exhibited when this ratio is bek>w 
o 7 i i^ he te [) s ' e data in Table 2 indicate that this ratio for 
material ? reater tha " 1 • ** whil ® it is less than 1.2 for the R-22 


A comparison of the 
R-22 and R-24 (reported in 
at Nf /2 for 538°C and a strain 


the 


cyclic stress-strain behavior for 
NASA CR- 1 3462 7 ) al 1 oys as measured 

rangffor - ran ^ ^ ‘ ud?e°d the stress 

the R-22 material. 


alloy is some 20 percent g^a«r than lhat for 


) Relaxation Behavior 

provided a°re?axat ^on^curve for'each r ? COrd , 

near half-life was selected from each hold-t ime^est and' fold CyC * 

hoTd period^o^efinl the^el axat ionT interva,s throughout the 
through ,9. These' Curve's aTong^h 1 

i^-rtM^ w J, ° r **- 

tr^evSdence and^the 'difference 'bet^en^ens ion 31 " 9 ^ 61 " i®s°are m 
relaxation appears si ight A plot^f f £ and compos ion 

time has been prepared and is shown in Figure 20 ri.-.. versus , 

illustrate the very similar relax*?!™ k!k * Z0 " Tbe ? e resuI ts 

r relaxation behavior noted in all 

period) ^ ' S 6 StreSS Va,Ue at the start of the hold 


14 






Ol at start of hold 
^ period 



Time, seconds 

Figure 1**- Relaxation curve near half-life for specimen 
R-22-39 



at start of hold period 



laxation curve near half-life for 
eclmen R- 22-40 




Stress, MN/m2 


37 . 



Figure 16 - Relaxation curve near half-life for 
Specimen R-22-41 


# 







Figure 18 - Reiaxa 
Spec im< 


00 


200 


300 


Time, seconds 

tion curve near half-life for 
en R-22-M* 



Stress, MN/m 2 


40 



Figure 19 - Relaxation curve near half-life for 
Specimen R-22-8 






Time, seconds 


Figure 20 - Comparison of relaxation data for R-22 
material. 
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V - CONCLUSIONS 


This report presents a discussion of the test results 
obtained in an evaluation of the short-term tensile and low-cycle 
fatigue behavior of five copper-base alloys: NASAl-lA, NASAI-1B 
Glidcop Al-10, sputtered Zr-Cu (as - received) and sputtered 
Zr-Cu (annealed). All tests were performed in high purity argon 
and involved the temperature range from 482° to 593°C and the 
strain rate regime from 4 x 10“4 to 1 x 10"2 sec"'. 

Short-term tensile data were reported for all five 
materials tested in argon at 538°C using a strain rate of 2 x 10"3 
sec'*. The yield and tensile strengths of the R-22 material 
were essentially twice those of the R-21, R-25 and R-26 materials 
and somewhat less than twice those of the R-23 compositions. 
Ultimate tensile strengths ranged from a high of about 220 MN/m^ 
for R-22 to a low of 84.7 MN/m z for the R-2b material. Ductilities 
(reduction in areas) ranged from about 98 percent for the R-25 
and R-26 materials to 33 percent for R-22, 50 to 55 percent for 
R-21, to 5 to 7 percent for R-23. 

Short- term^ tens i le data for the R-22 material are 
reported as a function of strain rate at 538°C and as a function 
of temperature at a strain rate of 2 x 10*3 sec'l. As the strain 
rate is increased from 4 x 10*4 to 1 x 10“2 sec"! at 538° C the 
yield strength, ultimate tensile strength and reduction in area 
values exhibited definite increases. Reduction in area values 
are seen to increase by more than a factor of two over this 
strain rate regime. Temperature effects at a strain rate of 
2 x 10-3 sec-1 were also noticeable over the range of 482° to 
593°C. The biggest effect is a decrease in yield strength from 
about 220 MN/m* to about 150 MN/m^ as the temperature was in- 
creased from 538° to 593°C. The yield and ultimate tensile 
strengths of the R-22 alloy are much greater than those of the 
R-24 (Narloy Z) composition at the temperature studied in the 
program with the strength differential reaching 50 percent at 
538^0 and above. In terms of reduction in area, however, the 
values for the R-24 material are noticeably higher than those 
for the R-22 material except In the higher strain rate regime 
at 538°C where the values are essentially the same. 

Axial strain controlled low-cycle fatigue tests in 
argon at 538°C and a strain rate of 2 x 10'3 sec* l indicated 
essentially Identical behavior for the R-21 and R-22 compositions. 
The R-23 composition exhibited the lowest fatigue resistance of 
all the materials tested while the fatigue behavior of the R-25 
and R-26 compositions appeared to be between the lower limit 
defined by R-26 and the upper limit defined by the R-21 and R-22 
data. At this temperature and strain rate the fatigue life 
defined for R-21 and R-22 is about twice that reported previously 
for the R-24 composition. 



43 . 


Strain rate effects on the low-cycle fatigue life of 
the R-22 alloy tested in argon at 538°C were noticeable and led 
to a reduction in Nf as the strain rate was decreased from 1 x 
10”^ to 4 x 10"4 sec"'. At a strain rate of 2 x 1 0“ 3 sec"' the 
effect of temperature on the fatigue life of R-22 was negligible 
at a strain range of 3.0 percent as the temperature was increased 
from 482° to 593°C. At a strain range of 1.2 percent some slight 
increase in fatigue life was indicated as the temperature was 
increased from 538° to 593°C. 

Hold period durations of 300 seconds were employed at 
538°C and a strain rate of 2 x 10"3 sec*' in an evaluation of 
the low-cycle fatigue behavior of R-22 using two different 
strain ranges. Hold periods in tension were much more detri- 
mental than hold periods in compression in that the fatigue life 
was reduced much below that for continuous cycling. The effect 
ranged from just below an order of magnitude at a strain range 
of 3.0 percent to much more than an order of magnitude at a 
strain range of 1.2 percent. Hold periods in compression, on 
the other hand, led to two different behavior patterns. At a 
strain range of 3.0 percent the effect was close to being 
negligible whereas at a strain range of 1.2 percent the fatigue 
life was reduced from about 2000 cycles In continuous cycling to 
about 500 cycles with the compression hold period. The tests 
involving the compression hold periods exhibited severe barrelling 
so that these conclusions must be viewed with some qual i f icat ion . 

Relaxation data obtained in the hold-time tests are com- 
pared. It is shown that the tension and compression relaxation 
character ist i cs are quite similar. 
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21000 Brookpark Rd 
Cleveland, OH 44135 


Schlcnncr, N 
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Huntsvi 1 le, AL 35812 
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23555 Euc 1 i d Ave 
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Rockwe 11 Intnl 
Rocketdyne Div 
GG33 Canoga Ave 
Canoga Park, CA SI 3 04 
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’.'ASA 
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Huntsville, AL 3531 


Aukernan, C A 
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HAS A- Lev.’ i s Research Ctr 
2 1 0 0 ,3 B roo k pa r k Rd 
Cleveland, OH 44135 


McPherson, W B 
Bldg 4612 
sac - as Til - mmm 
NASA-M arsha 1 1 
Huntsvi lie, AL 35812 


Buckman, R W Jr 
V/es t i nghouse - ANL 
Box 1QG34 

Pittsburgh, PA 91304 


S i ns , J 

Bldg 2 CO 1 , Dept 2202 

Aerojet 

Box 13222 

Sacremento, CA 95G13 


ro ft 
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Keh 1 , u 

Anox Copper, Inc 

1270 Ave of the Ancricas 

New York, NY 10 020 


Tech Library / Jf'G 
NAG A 

/tanned Spacecraft Ctr 
Nous ton, TX 7 705 C 


Li b rary 
NASA 

FI ij;ht Research Ctr 
P 0 Sox 273 
Edwards, CA 93525 


Harris, Dr L A /RUS 
NASA Headquarters 
Washington, DC 2354G 


Paten t Counc i 1 
I/ASA MS 5 GO- 3 II 
Lewis Research Ctr 
21000 Brookpark Rd 
Cleveland, OH 44135 


Bareli i tto, N F 
G1 idden-Durkee 
Metals Group 
900 Union Conmcrce B 1 ci 
Cleveland, OH 44115 


Library - Acquisitions 
NASA - J PL 
40 CO Oak Grove Dr 
Pasadena, CA 01102 


Library MG 202-3 
NASA 

Ames Research Ctr 
Moffett Field, CA 94035 


Technology Uti 1 ization 
NASA MS 3-19 
Lewis Research Ctr 
21000 B root; park Rd 
Cleveland, OH 44135 


Library (2) 

NASA MS G0-3 
Lewis Research Ctr 
210C0 Brookpark Rd 
Cleveland, OH 44135 


L i b rary 
NASA 

Goddard Space Flight Ctr 
Grcenbel t, MD 23771 


Deutsch, G C /PM 
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Was It in" ton, DC 2 05 46 


Report Control Office 
NASA MS 5-5 
Lewis Research Ctr 
21000 Brookpark Rd 
C 1 eve land, OH 44135 
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NASA MS 500-313 
Lewis Research Ctr 
21000 Brookpark Rd 
Cl evel and, OH 44135 



Ault, G ?: 

MS 5*5 

MASA-Lewis Research Ctr 
21G0C Brookpark Rd 
Cleveland, OM 44135 


Mead, Fatigue Res Sect 
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MAS A* Lev; i s Research Ctr 
219CG Brookpark Rd 
Cleveland, Oi: 44135 
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Assoc Ch i ef , MaS rv } y 
MS 49*1 

NASA- Lev/ is Research Ctr 
210 0 0 B rook pa r k Rd 
Cleveland, Oil 44155 


Kazarof f , J f! ( 7 ) 

MS 500-209 

NASA -Lev/ is Research Ctr 
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Cleveland, OH 44135 
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NASA- Lewi s Research Ctr 
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Cleveland, OM 44155 
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